Cu methionine chelate : Eighty grams of D,Lmethionine and 66.94 g CuSO 4 ⋅5H 2 O were completely dissolved in 1 l and 500 ml of distilled water, respectively, at 65±5°C. These two solutions were mixed at a molar ratio of 2:1 for a reaction to occur to which 50% NaOH solution was gradually added to increase pH up to 7 for maximum precipitation. Precipitate was separated, dried in an oven at 50°C for 2 days and then made to powder which was subsequently tested to confirm approximately 16% Cu by analysis. The product was dissolved in distilled water and tested for chelation. Test with copper specific electrode (Model 720A, Orion Research Inc. 529 Main St., Boston, MA 02129 USA) showed app. 25% of Cu was ionized and the remaining undissociated Cu (app. 75%) was regarded as chelated (Kim et al., 1997) .
INTRODUCTION
Copper, zinc and manganese are essential elements required by poultry. Copper is a component of various intracellular and extracellular enzymes such as cytochrome oxidase, lysyl oxidase, ceruloplasmin and superoxide dismutase (Klasing, 1998) . Cu supplementation at the level of 125-250 ppm improved growth rate and feed conversion ratio in broilers (Baker et al., 1991; Paik, 2001 ) and pigs (Roof and Mahan, 1982; Cromwell et al., 1989; Paik, 2001) .
Zinc is a component of metalloenzymes such as carbonic anhydrase, alcohol dehydrogenases, carboxy peptidase, alkaline phosphatase, thimidine kinase, RNA and DNA polymerase. It also involved in metabolism of protein and carbohydrate. Zn supplementation of 3,000-5,000 ppm from ZnO increased weight and feed intake in weanling pigs (Hahn and Baker, 1993; Carlson et al., 1995; Lemieux et al., 1995; Smith et al., 1995) and Harbaugh and Sanford (1970) reported hen-housed egg production was increased by optimal levels of zinc methionine supplemented to layer diet.
Manganese is an important activator of many enzymes and is also a component of arginase, pyruvate carboxylase, and manganese superoxide dismutase (Klasing, 1998) . Lima et al. (2000) reported Mn supplementation of 40 ppm increased eggshell quality.
Recent information suggests that chelated or complexed trace elements may improve bioavailability of minerals for animals. These metal-amino acid chelates or complexes furnish trace elements that are more efficiently absorbed from gut than those provided by inorganic salts (Wedekind et al., 1992; Aoyagi and Baker, 1993a) . They also provide readily bioavailable amino acids (Aoyagi and Baker, 1993b) . Present experiment was conducted to determine effects of supplementary Cu-methionine (Cu-Met), Zn-methionine (Zn-Met), Mn-methionine (Mn-Met) chelates and their combination on laying performance and eggshell quality. methionine and 77.08 g ZnSO 4 ⋅5H 2 O were completely dissolved in 1 l of distilled water at 65±5°C. These two compounds were mixed at a molar ratio of 2:1 for a reaction to occur to which 50% NaOH solution was gradually added to increase pH up to 10 for maximum precipitation. Precipitate was treated with same procedure as above. The product contained approximately 17% Zn.
For Mn-Met preparation, 80g of D,L-methionine and 64.64g of MnSO 4 ⋅5H 2 O were dissolved in 1 liter of distilled water at 65±5°C. The rest of the procedure is same as that of Zn-Met preparation. The product contained approximately 15% Mn.
Experimental diet
A basal diet was formulated to meet or exceed the nutrient requirements listed in NRC (1994) ( Table 1) . Five experimental diets were control, Zn-methionine chelate (Zn-Met) supplemented, Cu-methionine chelate (Cu-Met) supplemented, Zn-Met+Mn-methionine chelate (Zn-MnMet) supplemented, and Zn-Mn-Cu-Met chelate supplemented diet. Each treated diet was supplemented with respective mineral(s) at the level of 100 ppm in the form of methionine chelate.
Feeding regimen
Five hundred force molted 96-wk-old ISA brown layers were assigned to five dietary treatments. Each treatment consisted of 5 replications of 10 cages (2 birds per cage). Diets were presented in mash form, and feed and water were given ad libitum during the experimental period. The house for birds was provided with programmed lighting, which was 16:00 h per day.
Parameters of production performance and egg quality
The number of total eggs, broken and soft shell eggs and egg weight were determined on a daily basis. Feed consumption was measured weekly. On 6th day of each week, all eggs, except soft and broken eggs, were collected to measure egg specific gravity. Specific gravity of eggs was determined by using salt solutions made of incremental concentration of 0.005 in the range from 1.070 to 1.110. After measuring specific gravity, eggshell strength, eggshell thickness and Haugh unit (HU) were measured. Eggshell strength was measured by using Compression Test Cell in Texture Test Systems (Model T2100C, Food Technology Corp., Rockville, MD). Shell thickness was a mean value of measurements of the shell at three locations (air cell, equator and sharp end) of the egg measured by dial pipe gauge (Model 7360, Mitutoyo Corp., Kawasaki, Japan). Haugh unit was calculated using the HU formula (Eisen et al., 1962) based on the height of albumen determined by a micrometer (Model S-8400, AMES, Waltham, MA) and egg weight.
IgG level in serum and mineral content in liver
After 8 wk on experimental diets, fifteen birds per treatment (three hens from each replication) were killed by cervical dislocation, and blood samples were collected by heart puncture. After blood sampling, liver and gizzard were removed for further test. The gizzards were opened and the internal contents were removed. Samples were thoroughly cleaned in running tap water. Gizzard erosion indices were determined on the basis of a scoring system, 0 for normal, 1 for mild erosion, 2 for moderate erosion and 3 for severe erosion. Collected livers were dried, and mineral contents were measured using ICP (inductively coupled plasma) emission spectrometer (Model JY-24, Jobin Yvon, Longjumeau, Cedex, France).
Blood sample were centrifuged at 3,000 rpm for 15 minutes. Serum was removed and stored at -20°C until analysis. IgG of serum was measured by single radial immuno-diffusion test (RID test) method (Mancini et al., 1965) .
Statistical analysis
Data were subjected to analysis of variance using (Steel and Torrie, 1980) .
RESULTS
All the laying performance parameters were significantly (p<0.05) different among treatments (Table 2) . Cu-Met treatment showed highest hen-day and hen-housed egg production (72.57% in both) while Zn-Met treatments significantly decreased egg production (67.13% for hen-day and 65.61% for hen-housed). Compared with hen-day (69.97%) and hen-housed (68.80%) production of the control, Cu-Met treatment increased hen-day and henhoused egg production by 2.60% (or 3.72% improvement) and 3.77% (or 5.48% improvement), respectively. Zn-MnMet treatment did not significantly affect egg production but tended to decrease egg production. Combination of CuMet with Zn-Met and Mn-Met did not show any additive or synergistic effect. Egg weight was heaviest in Zn-Met treatment while lightest in Cu-Met treatment. Feed intake was highest in Zn-Mn-Cu-Met treatment and lowest in ZnMn-Met treatment. Feed conversion ratio (FCR) was best in Cu-Met treatment (2.58) and worst in Zn-Met treatment (2.71). Compared with that of the control (2.62), Cu-Met treatment improved FCR by 1.53%.
Among the egg quality parameters (Table 3) , specific gravity, eggshell strength, soft egg production and broken egg production were significantly affected by treatments. Specific gravity of eggs laid in Cu-Met treatment was significantly higher than other treatments. Eggshell strength was strongest in Cu-Met treatment and weakest in the control. Soft shelled egg production was lowest in Cu-Met treatment while broken egg production was lowest in the control. Zn-Mn-Met treatment was highest in both soft shelled egg production and broken egg production. Albumin height, Haugh unit and eggshell thickness were not significantly affected by treatments. Table 4 shows serum IgG level, gizzard erosion index and mineral contents in the liver. Serum IgG level was not significantly affected by treatments. Gizzard erosion index was significantly higher in both Cu-Met treatment and ZnMn-Cu-Met treatment than those of the control and Zn-Met treatment. Zinc content in the liver was significantly affected by treatments. Zn-Met treatment showed the highest while Zn-Mn-Cu-Met treatment showed the lowest Zn content in the liver. Copper content in the liver was higher in Cu-Met treatment and Zn-Mn-Cu-Met treatment than those of others but the differences were not significant. Manganese content in the liver was not significantly different among treatments.
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DISCUSSION
In the present experiment, Cu-Met chelate supplementation increased egg production by 2.60% in henday egg production and by 3.77% in hen-housed egg production compared with those fed control diet. Pesti and Bakalli (1998) reported the results of two layer experiments in which egg production were linearly increased as the supplementary Cu from Cu sulfate pentahydrate increased from 0 to 125 and 250 mg/kg diet. Jackson (1977) also reported that 256 mg/kg Cu supplementation increased egg production. On the other hand, two other studies reported that Cu supplementation decreased egg production in the same copper level Stevenson et al., 1983) . Pesti and Bakalli (1998) explained that contrasting two results were caused by different methionine level in control diet. The best response to pharmacological levels of Cu feeding was observed with high levels of methionine supplementation (Wang et al., 1987) . In the present experiment, the control diet contained 0.37% methionine including 0.122% of supplementary D,L-methionine, which is sufficient considering NRC(1994) requirement. Some extra methionine may have been supplied from chelate up to 0.02% at maximum. Thus Cu-Met supplementation could have been more effective if the above theory is applied. Some other researchers reported that egg production was depressed when copper was supplemented over 400 ppm in the form of copper sulfate (Chiou et al., 1997; Chiou et al., 1998) . Effects of Zn-Mn-Met supplementation on the laying performance agree with those of Lima et al. (2000) who reported Zn and Mn methionine chelate supplementation, single or in combination, did not affect laying performance. Combination of Cu-Met with other mineral chelates tended to decrease egg production compared with Cu-Met alone. It may be due to interactions of other minerals, especially with zinc. Zinc has a strong antagonism with copper (Ammerman et al., 1995) . Other evidence of interaction between Zn and Cu was observed in mineral content of liver. Zinc level in the Zn-Mn-Cu-Met treatment was significantly lower than that of Zn-Met treatment. O'Dell et al. (1976) documented zinc-deficiency occurred when plasma, muscle and testis copper concentration were elevated above normal level in rats.
Cu-Met chelate treatments increased eggshell strength in the present experiment. It is postulated that lysyl oxidase, a copper containing enzyme which functions in stability and strength of collagen (Underwood, 1977) , may have influenced the result. Collagen affects eggshell membrane and eggshell strength. Defective collagen in the shell membrane by copper-deficiency often instigates infertile and abnormal shell (Klasing, 1998) . Zn is a component of carbonic anhydrase which catalyzes synthesis of bicarnonate. Solid portion of eggshell is CaCO 3 which is made of Ca ion (Ca ++ ) and bicarbonate (HCO 3 -). Manganese is essential for development of the organic matrix of the bone which is composed largely of mucopolysaccharides. Deficiency of manganese increases incidence of thinshelled and shell less eggs (Scott et al., 1978) . Therefore, improvement of eggshell quality was expected by supplementation of Zn-Met or combination of Zn-Met and Mn-Met (Zn-Mn-Met). Lima et al. (2000) reported that supplementation of 40 ppm Zn-Met chelate in single or in combination with 40 ppm Mn-Met chelate increased specific gravity of egg, eggshell strength and eggshell thickness. In present experiment, Zn-Mn-Met treatment showed significantly higher eggshell strength than the control. However, eggshell strength, specific gravity of egg and eggshell thickness of Zn-Met treatment were not significantly different from the control although those parameters tended to increase in ZnMet treatment.
Serum IgG tended to increase by supplementation of Zn-Met alone or in combination with Mn-Met. Zn is known to be involved in immune response. Ferket and Qureshi (1992) reported that combination of Zn-Met and Mn-Met chelate increased serum IgG level in male turkey. However, in the present experiment, the effect of Zn supplementation on serum IgG level was not significant.
Gizzard erosion index was increased by Cu-Met chelate supplementation. Fisher et al. (1973) reported that 600ppm Cu supplementation increased gizzard erosion in broiler. Zn-Mn-Met treatment also increased gizzard erosion, although the severity was less than Cu-Met treatment. The result may need more verification. Zn level in the liver of Zn-Met treatment tended to increase but that of Zn-Mn-CuMet significantly decreased indicating strong interactions among these elements especially between Cu and Zn. CuMet supplementation tended to increase Cu level in the liver but the effect was not statistically significant. This result indicates that supplementation of 100 ppm Cu in the form of Cu-Met may not accumulate Cu in the liver to the extend that can cause adverse effects.
In conclusion, 100 ppm Cu in Cu-Met chelate improved laying performance and eggshell quality but also increased gizzard erosion index. Supplementation of Zn-Met or its combination with other mineral chelates had no beneficial effects on laying performance and eggshell quality.
